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A starch granule consists of both crystalline and non crystalline parts. Within a starch granule, growth rings can be observed using an optical or electron microscope. This particular structure suggests that the crystal growth of starch granules proceeds non-uniformly rather than uniformly.1) Since Kainuma and French2) discovered that the basic structure of starch consists of a double helix of 12 glucose molecules, studies have been conducted to gain a more precise determination of these structures. Concern ing the minimum structural unit of a starch molecule, or unit cell, models proposed by Imberty et a1.3) for Type A starches and by Imberty and Perez4' for Type B starches are commonly accepted (e.g.,Gallant et al 5)).The pur pose of this study was to obtain more precise information on the microstructures of starch granules using several surface analytical methods, aiming at gaining a better un derstanding of the basic structures of starch granules.
MATERIALS AND METHODS
In this study, potato starch (Wako, Starch, Potato, and waxy corn starch (Sigma-Aldrich Co., Corn, S 9679) were studied, and several samples including glucose (Wako Pure Chemical Industries, Ltd., D (+ )-Glucose, 041-00595), maltose (Wako Pure Chemical Industries, Ltd., maltose monohydrate, 130-00612), and /9-Cyclodex trin (Ensuiko Sugar Refining Co., Ltd., /9100) were used to compare structures.
Recent improvements in the precision of analytical in struments have spurred numerous scientists to conduct studies on the surface structures of starch granules. The Atomic Force Microscope (AFM) is a microscope which determines three-dimensional micro-shapes of sample sur faces through detection of the atomic force (an attractive or repulsive force) between the sample and a sharp probe or tip: the distance between the sample and probe is con tinuously adjusted so as to keep the force constant. Depending on the shape of the sample and the conditions in the sample chamber, AFM enables the observation of a field several nanometers to micrometers square. It is also readily able to determine the degree of roughness on the surface and to show an arbitrary section of a granule by generating an image and measuring it. The AFM observa tion technique used in this study for starches involved evaporating a dilute suspension of the starch on a freshly cleaved mica (biotite) surface. AFM images were col lected using a SPM, SPI3800N + SPA300, Seiko Instru ments Inc. (Chiba).
X-ray Photoelectron Spectroscopy (XPS) is an optimal method for gaining information on the state of chemical bonding of saccharides. During spectroscopic analysis, soft X-ray was directed to the sample through a mono chromator, inducing the electrons to jump to more ener getic orbitals. The characteristics of the kinetic energy re leased by these excited electrons when they fell back into their previous orbitals were measured using an energy analyzer. Because the incident X-ray has a constant en ergy, the binding energy of electrons to the atomic nu cleus before being excited by the X-ray can be obtained by subtracting the measured kinetic energy of the elec trons from the value of the incident X-ray. The binding energy of the electrons can be determined as a chemical shift, because the energy of an electron may differ, even in the same element, depending on its binding state. A depth-directional resolution of 5 nm or less provided by XPS enables the investigation of the chemical state that corresponds to an image of the uppermost shape observed using AFM. For high-resolution XPS, a Gammadata Scienta AB (Uppsala), ESCA-300 equipped with a mono chromatized A1Ka X-ray source (hv=1486.6 eV) was used. The starch sample was placed on an indium plate and anchored by a presser.6' The spectrum was measured at a power of 1.0 kW under an ultra-high vacuum of 1 X Corresponding author (Tel. & Fax. + 81-298-38-6634, E-mail: esca@jircas.affrc.go.jp).
10' Pa. The energy resolution achieved was evaluated for the Fermi edge of silver (full width at half maximum: FWHM=0.43 eV). Electrostatic charging due to the poor electrical conductivity of the starch sample was minimized by using a flood gun. Measurements were repeated at least twice under the same experimental conditions. Spec tra were acquired at an analyzer pass energy of 75 eV and take off angle of 90ß.
In addition to these devices, a JEOL JSM-5600LV + JED2200 (Tokyo) was used for SEM to analyze the sur face and internal properties of each sample. A Rigaku RAD-X (Tokyo) was used for X-ray diffraction (XRD) analysis to obtain the crystal properties.
RESULTS

AND DISCUSSION
Optical microscopy of potato starch granules revealed frequent radial structures that extended from the hilum at the center of the starch granule (Fig. 1 ). These same structures were observed at high magnification using a scanning electron microscope. After being embedded in low-melting-point paraffin, the starch granules were sliced with a microtome to observe their internal structure. Those sliced starch granules in which the hilum could be observed may represent a section passing through the cen ter of the granule (Fig. 2) . In the obtained SEM images, the radial linear structure in the section became thicker to wards the surface of the granule. Therefore, the outermost surface of a starch granule consists of an aggregate of fine linear structures.
One granule each of two different starches was ob served using AFM (Fig. 3) . The AFM images showed convexoconcave structures 20-50 nm in height in both potato and corn starch granules. A typical potato starch granule had convexoconcave structures that took the form of small raised nodules about 50 nm in size. The rough ness of the surface, or the distance between the peaks and valleys, measured over a wide area of the surface of the starch granule, is greater in corn starch granules than in potato starch granules. When this result was compared with SEM images obtained after slicing a potato starch granule, it was found that the convexoconcave structures on the outermost surface of the starch granule are the ends of linear structures that originate inside of the gran ule and become thicker as they approach the granule's surface.
As shown in Fig. 4 , when we observed the area close to the center of a sliced granule, a linear structure with width exceeding 10 nm was found. More specifically, it was a linear structure with a width of 12.7 nm that was a combination of two structures showing a cycle of about 6.5 nm. Since this is a highly regular linear structure, it appears to be a basic higher-order structure within the starch granule.
Katz and van Itallie71 conducted X-ray diffraction analy sis of starches. They observed clear patterns of X-ray dif fraction (Debye-Scherrer ring using film, Rontgenspek trum) that they numbered for convenience. Since then, a mass of very precise data has been generated due to im provements in analytical instruments such as diffractome ters. In this study, for the purpose of determining the crystal properties of starches, only the d-spacing of vari ous glucosides was compared using data measured by JCPDS," Takeda,9) and us by means of standard powder X ray diffraction analysis (Fig.5) . Although the X-ray dif fraction peaks of maltose were similar to those of glucose, in13-Cyclodextrin there were values with a long spacing order. After obtaining molecular images of ƒÀ-Cyclodextrin using AFM, we measured various diameters of rings in length. As a result, it was determined that the values with long spacing orders obtained from ƒÀ-Cyclodextrin were attributable to the arrangement of seven-membered glu cose rings. Therefore, with respect to potato starch (Type B), the value of 1.58 nm found at the low angle side in Xray diffraction peaks (the 1-Ring described by Katz and van Itallie) is concluded to be the unit of intermolecular distance that is formed based on the alignment of glucose chains. The values of d-spacing for glucose and maltose that constitute a starch molecule frequently coincide with the values of d-spacing of the starches. Therefore , the values of d-spacing of less than 1 nm represent chiefly the interatomic distance of glucose molecules. On the other hand, corn starch (Type A) does not comprise a crystal structure which shows a long spacing order of in termolecular distance.
In general, the diffraction lines of saccharides are ence of peaks shown with the arrow in Fig. 6 on the lower energy side was notable in starches.
A study on gelatttttttinized starches was thhen performed. Analysis with XPS was conducted again after identifica tion using XRD. The position of each C-C linkage peak was calculated using argon sputtering of starches (at 285.0 eV in this study). The results of XPS, from which the re lationship between crystal structure and each low binding energy peak in the Cl s orbital was obtained, have been discussed previously.10) This peak is presumably attributed to the double helical conformation of two linear chains in the case of starch. The existence of a low binding energy state characteristic of the CI s orbital of starch was clearly due to the increasing degree of polymerization of its con stituent saccharides. Therefore, in keeping with the fact that the crystal structure is more complex in polysaccha rides than monosaccharides, binding in a low energy state , which shows the stability characteristic of polysaccha rides, is observed. The outermost surface of starches, whose binding energy properties were obtained using XPS, corresponds to the outermost surface of starches with small raised nodules as observed using AFM . Based on the relationship between SEM images of sections of starch granules and AFM images of the outermost surface established in this study, the possibility that the surface of starch granules consists of the ends of amylopectin side chain clusters (Baldwin et al.11)), the almost cylindrical structure of j3-Cyclodextrin, the double helical structure of minimum constituent unit of starches, and so forth, it is more likely that the appearance of high peaks at the low est binding energy side derive from the double helical structure of the starch molecule. In other words, this sup ports the idea of the double helical structure of the starch molecule. We suggest that the existence of peaks at the lower binding energy side are due to the differences among binding states caused by the stereostructure of the crystal.
CONCLUSIONS
After several surface analytical methods were applied to the investigation of starch granules, we came to the fol lowing conclusions: 1) AFM revealed numerous convexoconcave structures and small raised nodules on the outermost surfaces of starch granules. Also, a higher-order linear structure with a width of 12.7 nm, a combination of two structures with cycles about 6.5 nm in width, was observed inside potato starch granules.
2) SEM revealed, within potato starch granules, radial linear structures which extended from the hilum and grew wider with increasing distance from the center. The outer most surface of a starch granule consists of clusters or ag gregates of molecular chain terminals. This conclusion is supported by the results of our AFM observations.
3) Analysis using XPS of the outermost surface of starch granules to examine the orbital states of electrons revealed, in the CI s orbital, the presence of electrons in a low binding energy state, a function of the structural char acteristic of starches.
AFM and XPS, both nondestructive types of analysis, are likely to increase steadily in importance in areas rele vant to research into starch structures. We expect that the results of X-ray diffraction analyses and AFM images will agree on the structure of the minimum structural unit of starches. 27, 1205-1221 (1988) .
